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Given that the goal of this study was to quantify maximum respiratory flows during operational-relevant physical exertion, data in table 1 were obtained from the region of peak respiratory effort generally observed in each trial. This period of peak respiratory effort lasted 2.8 ± 1.6 min (mean ± standard deviation (std. dev.)). 1) Respiratory flow rates generated while completing physically demanding tasks are considerably higher than flow rates used to assess filter efficacy. 2) Results generally conform to existing literature regarding respiratory demand for individuals wearing an APR while performing high workloads near V02nuw.
3) The instrumentation used in this study was effective in acquiring continuous physiological field data under daunting conditions. Despite this, future studies need to account for significant data losses due to instrumentation failure. 4) This work explored breathing demand while performing short, high exertion tasks but how this compares to longer duration tasks remains unknown.
5) Marines (especially CBIRF members), soldiers, and certain industrial workers are familiar with using respirators due to frequent training and use. Other military personnel and industrial workers, however, use respirators only intermittently. Consequently, their breathing demands may differ from these findings when required to use respirators in a field environment due to anxiety or inexperience.
INTRODUCTION
Efficiency in fixed-bed chemical filters commonly used in commercial and military airpurifying respirators (APRs) is highly dependent on residence time. The residence time is the length of time for a molecule to traverse the filter bed. The longer a molecule resides in the filter bed, the greater the likelihood it will be adsorbed or reacted. Residence time decreases as the velocity of the air stream increases. The velocity of the air stream through a filter is the volumetric flow rate divided by the cross sectional area of the filter. Hence, as the volumetric flow rate through the filter increases, the breakthrough time or life of the filter decreases. Therefore, excessive flow rates can overwhelm a filter bed increasing the risk of injury to the APR user.
Typical APR design primarily exposes filters to chemical contaminants during inspiration since a separate pathway (exhalation valve) directs expired air out of the APR. Two respiratory variables are commonly used to correlate APR performance to human inhalation; minute ventilation (V,) and peak inspiratory flow (PIF). Minute ventilation describes the quantity of air inspired (or expired) over a 1-min period and relates directly to airborne toxins filter loading in a contaminated atmosphere. PIF describes the highest flow rate achieved during inspiration and correlates directly with airstream velocity. Removing contaminants from the inspired airstream by chemical adsorption or reaction with the carbon filter bed may be adversely affected by increased PIF because of reduced residence times within the filter.
Designing appropriate chemical filters for occupational use depends on the anticipated respiratory demands produced by related tasks. For example, a filter designed for a sedentary worker (e.g., machine operator) would likely be inadequate for a physically active worker (e.g., HAZMAT cleanup crew). Consequently, characterizing representative respiratory demand is crucial for designing and testing chemical filters intended for a specific occupational population. Unfortunately, there is a dearth of data available for respiratory airflows in an actual occupational setting, particularly where the greatest demands are placed on APR chemical filters, i.e., physically demanding tasks.
Current testing criteria use a steady flow of 32 liters per minute (1pm) as the basis for filter assessment during exposure to a variety of chemical warfare agents, toxic industrial chemicals, and toxic industrial materials. Recent concerns suggest that this may underestimate actual respiratory demands during field use and thus filters tested to this criterion may not provide adequate protection to the user. This study was intended to quantify respiratory demands in U.S. Marine Corps Chemical Biological Incident Response Force (CBIRF) personnel performing mission-related tasks.
METHODS
This study was intended to quantify respiratory function in Marines performing operationally relevant tasks while wearing chemical/biological protection typically used in the field. Subjects performed physical tasks on three consecutive days. A variety of problems caused day one to serve as a shakedown for the subsequent experimental trials on Days 2 and 3. The subject pool was split into two groups on Day 2 with groups completing either a simulated decontamination (DECON Subjects entered the air-conditioned dressing area (table 4) between approximately 8 AM and 3 PM, were fitted with a HR monitor, and dressed in a MOPP 4 ensemble. Each subject was given a new C2A1 filter (fresh out of the storage container) that was fitted with a turbine flow element (figure 1), Filters gained 5.2 ± 2.2 g of water on Day 2 and 6.6 ± 2.2 g of water on Day 3. Connections were then made between the flow element and meter and between the meter and data logger. Data collection was initiated at the start of a pretrial 5-min rest period. Subjects walked out of the dressing area and into the testing areas at the conclusion of the rest period. Table 4 gives the environment conditions in the semi-enclosed test area for each day (RECON teams walked outside of this area for varying times though conditions were probably not appreciably different). Groups of four were started together during Day 2 so that an entire DECON or RECON 4-person team could begin their tasks together. Day 3 starting times for individual subjects were staggered by 5-min intervals to avoid queuing at task stations. ) . Rest occurred during the first 5 min (A) followed by various physical tasks. Data were analyzed for two arbitrary activity segments; period P-1, 300-1000 sec (B) and period P-2,1000-2000 sec.
Day 3 data generally consisted of 4-5 regions (figure 3); low plateau (pretask rest), steep slope (start of exertion), peak (maximum exertion generally associated with CPAT event No, 1), high plateau (CPAT event Nos, 2-7 or 8), and sometimes a second peak (CPAT event No, 8), The effects of physical exertion were analyzed by comparing data from the initial rest period (R-3) (0-5 min), peak exertion, and the final exercise (FE) period (final 3 min). Given that the goal of this study was to quantify maximum respiratory flows during physical exertion, a Region of Peak Respiration (RPR) was identified corresponding to the period of greatest respiratory efforts and generally correlated to the first peak, i.e., end of the first CPAT event (stair climber) (figure 4). To find each triaTs RPR, each flow rate profile was visually assessed to identify the region with the highest peaks. The 10 highest peak values from within this region were determined and a mean calculated for all peaks within this region having these values. Times associated with the initial and final peaks within this region corresponding to ±80% of this mean defined the RPR lower and upper time limits, PIF was identified for each breath by finding the local maximum value between the leading and trailing zero crossing points (figure 5). These bounds (start and end of each inhalation) were used to calculate inhalation time (TO, total breath time (inhalation and exhalation) (Tto0, and the duty cycle (DC) = Tj/T,ot (i.e., what percentage of a breath is taken up by inhalation time).
Breathing frequency,/, was calculated by dividing the number of peaks in a given time period by the total duration of that period. Mean tidal volume (Vt), was quantified by taking the sum of each integrated area between the start and end of inhalation and dividing by duration and breathing frequency. \{, reflecting inspiratory airflow during complete breaths, quantified airflow through filters during trials. where PIFt,t -the mean PIF for a given subject trial, i, during a specific time period, j, and n, = the number of recorded trials. The maximum PIFwas also reported. In addition, the mean across subjects of the largest PIF observed during individual trials and time periods was reported (PIFmax, figure 5 )
where PIF^. j = the maximum observed PDF.
Mechanical work associated with respiration depends on the shape of the respiratory wave, with rectangular or trapezoidal waveforms requiring less energy than the sinusoidal waveform commonly associated with respiration (references 14 and 16). Johnson (reference 14) suggests that the waveform shape changes as a function of exertion, transitioning from sinusoidal during resting or light exercise to rectangular or trapezoidal during heavy exercise. Inspiratory waveforms were assessed by fitting inspiratory curves to sinusoidal and double sigmoidal curves (TableCurve, version 4.0). Double sigmoidal curves were chosen because they reflect the waveform shape produced during physiological breathing in a rectangular or trapezoidal pattern (figure 6).
Time, minutes A small subset of the thousands of inspiratory waveforms collected was selected to assess waveform shape. Five trials were selected and the first five inspiratory waves observed after 100 sec into both the rest period and RPR were analyzed (total of 50 waveforms). Inspiratory flow rate, V, was fitted to sinusoidal breathing according to the equation
where Vm = peak flow within that breath, Ttot = breath duration, t = time within the breath, and a. = fitted parameters. Breathing patterns reflecting a double sigmoidal pattern were fitted to the equation PIF PIF The ratios -r-and -r2322-were also used to assess differences between waveform shape during rest and exertion.
Respiratory data were filtered (low pass Butterworth 8 pole filter with a 6 Hz cutoff) prior to analysis to remove electronic noise. Respiratory volumes, along with all derived variables (e.g., V,), were corrected to BTPS conditions. Mean and peak HR was analyzed in an analogous manner to respiratory data.
Statistical Analysis: Day 2 data were analyzed with a two-way repeated measures Analysis of Variance (ANOVA), with Type (RECON or DECON) as one factor and Time (level 1 = R-2, level 2 = PI, level 3 = P2) as the repeated measure. Contrast analysis was used to identify those configurations which differed significantly from the others when the ANOVA detected significant differences among configurations. Differences between Day 3 data obtained during R-3, RPR, and FE were compared using a repeated measures MANOVA. Linear correlation analysis (Pearson Product-Moment correlation) was used to assess relationships between respiratory variables and pulmonary function and physical parameters. Where correlations were identified, multiple regression was used to establish predictive equations for V,, PIF, and PIFmax. A paired-t test was used to assess prediction validity by comparing actual to predicted values. The Kruskal-Wallis one-way ANOVA on ranks was used to identify significant differences among PIFfv. ratios. Dunn's method for multiple comparisons was used when differences were identified. A parametric ANOVA was not used because the test for normally distributed data failed. Paired-t tests were used to compare the closeness-of-fit (r2) obtained from fitting inspiratory waveforms to sinusoidal and double sigmoidal models. Power calculations (1-P) were performed to determine whether sample size of waveforms were analyzed to rely on the results. A variety of instrumentation problems reduced the useable sample size on both test days so that n = 28 to 32. Data were reported as mean values ± standard deviation (std. dev.).
Differences were considered significant at the a = .05 level.
RESULTS
The intent of this study was to quantify respiratory demand during operationally relevant tasks. According to CBIRF Noncommissioned Officers and experienced trainers, the physical tasks employed in the DECON, RECON, and CP AT events closely mirror some CBIRF operational tasks. Physical exertion during Day 2 trials (both DECON and RECON) lasted for 60 min compared to 19,2 ±4.1 min during Day 3. Both Day 2 and Day 3 trials included a 5-min rest period prior to exertion. Day 3 RPR lasted for a period of 2.8 ±1.6 min.
Respiratory responses reflected the physical demands placed on participants. Mean /, V,, and Vt increased significantly as workload increased from rest to either light/moderate or heavy exertion (p<0.001) and from light/moderate to heavy workloads (p<0,001) (figures 7, 8, and 9). The constant 32 1pm flow rate used for existing filter testing is much lower than the mean and maximum V, observed during RPR and FE (p<0,001) (table 5 and figure 10). Likewise, peak inspiratory flow (PIF and PIFmax) increased significantly as a function of exertion (p<0,0Ql) (figures 11 and 12). Changes in respiratory timing also reflected increased exertion. Significantly deeper breathing (i.e., longer Ttot) was observed at rest (R-2 (DECON and RECON), R-3) than during light to moderate work (PI, P2) (p<0.001) (tables 6 and 7). The greater exertion required during RPR and FE produced much shallower breather (i.e., shorter Ttot) than either rest or light to moderate exertion (P<0.001). Only during RPR and FE was TI significantly shortened (p<0.001). Curiously, DC, increasing significantly as subjects moved from rest to exercise (P < 0.001), did not differ significantly between light and heavy workloads (PI vs. RPR). Statistically significant differences in HR were generally not observed between PI and P2 or between RPR and FE (figure 13). HR (especially HRmax), however, continued to increase significantly over the course of exposures, particularly on Day 3 (p<0.01). Figure 13 shows that physical stress, as reflected by HR, was significantly greater during CP AT exercise periods (RPR and FE) then either DECON or RECON (P<0.01).
PIF
piF Significantly smaller -r-and -ratios were observed during RPR and FE compared V| V, with R-2, R-3, P-1, or P-2 (p < 0.05) (table 8). No significant difference between RPR and Fe or between R-2, R-3, P-1, and P-2 was observed. Consequently, R-3 and RPR were used as representative periods for assessing goodness-of-fit. 
Activity Period The identity line is included in each figure for reference.
DISCUSSION
Results from this study suggest that respiratory rates currently used for filter assessment underestimate respiratory demand of individuals performing rigorous physical tasks. Mean V, measured in this study was roughly double that used in current testing. Maximum individual mean V, were even higher. These values suggest that filter loading will be much greater than currently tested when performing physically demanding tasks. PIF results suggest that air velocities through filters will also be greater during periods of high exertion. That these peak flows were measured during trapezoidal-type flow profiles suggests that peak or near peak flow rates and velocities will extend beyond a momentary spike. If filter testing is to predict filter performance under operational conditions, then test criteria needs to be revised to better reflect physiological requirements in the field.
These results, while considerably higher than current flow rates used to test filters, are generally consistent with existing literature on respiratory demand during both light-to-moderate and heavy exercise. Very little data exists for respiratory flow rates during actual occupational performance but data from laboratory studies conform to the values obtained in the present study. Mean V, during P-1 and P-2 is comparable to data from subjects briskly walking on a treadmill Respiratory timing is another approach to comparing studies. P-1 and P-2 Tf is somewhat greater and DC smaller than found by Harber, et al. (references 6, 7, and 9) during imposition of light to moderate workloads when respiratory impedance plethysmography (RIP) was employed. Pneumotachograph use under identical (reference 7) or similar (reference 8) conditions to when RIP was employed by Harber, et al. (references 6, 7, and 9) produced Ti and DC values very comparable to those found in the present study, suggesting that RIP data may be unreliable for assessing respiratory timing in occupational conditions. Heavy exertion, represented by RPR, produced V, comparable to results from previous laboratory studies conducted with an APR (references 13, 17, and 24) . These studies were conducted with subjects performing at 80%VO2max or higher, suggesting that RPR metabolic demands were probably at this level. This is supported by the sustained elevated HR observed during both RPR and FE. Subjects in the present study also exhibited V02max levels believed to be necessary to sustain such elevated metabolic demands while performing fire fighter tasks , however, found somewhat higher DC (.64) than the present study but their subjects also had much higher/(54 breaths/min) and lower Vt (1.78 L). These differences may be related to individual differences between subjects but may also reflect different tasking imposed on subjects.
The ability to sustain high exertion levels is limited by the ability to consume oxygen on demand. Considerable evidence suggests that increased breathing resistance cause V, and PIF to decrease while Ti and DC increase (references 5, 23, 24, and 25). The inverse is probably also true; reducing breathing resistance allows for greater V,, PIF, and PIFmax upon physiological demand. Louhevaara, et al. (reference 18) observed this when subjects demonstrated no significant difference in pulmonary ventilation without any inspiratory resistance or with a selfcontained breathing apparatus (SCBA). This probably explains how the present subjects, performing the same tasks under the same conditions, produced higher V,, PIF, and PIFmax when using a powered APR (reference 2).
Higher inspiratory flow under equal physiological demand reduces oxygen debt by allowing more oxygen to reach the pulmonary airways. Reducing oxygen debt forestalls the onset of performance-limiting anaerobic metabolism. Increased flow rates can only be achieved, however, by either increasing the physiological capacity to overcome breathing resistance or reducing breathing resistance, particularly in the inspiratory leg (reference 3).
A fixed breathing resistance, i.e., a respirator filter, imposes unequal demands on individuals of various breathing capacities. Smaller individuals may suffer reduced work capacity due to a lesser ability to overcome breathing resistance (reference 25) given smaller lung volumes (reference 4). Louhevaara, et al. (reference 18) found that physical dimensions are important determinants in identifying individuals capable of performing sustained arduous fire fighting tasks. The relationship found in this study between weight, V,, and PIF in the present study is suggestive of this, despite all subjects ultimately completing the tasks. Unfortunately, the inability to measure oxygen consumption and a relatively homogeneous subject population in terms of height, weight, and gender, precluded any direct assessment with the current data. A future study into this area could have an impact on predicting operational capabilities of individuals using air-purifying respirators (APCs) based on their physical stature and may also suggest better selection tools for assigning personnel to tasks.
Another question left unanswered by this study was the role experience plays in determining respiratory function in an APC, Harber, et al, (reference 7) and Yasukouchi (reference 25) suggest that inexperience or breathing resistance sensitive individuals may have significantly different breathing patterns from individuals experienced in using a respirator. It may be prudent to examine this to project how the current findings would reflect a military or industrial population with less APC experience than CBIRF members.
This study demonstrated that an asymmetric double sigmoidal model provides a better fit to respiratory curves than a sinusoidal at all exertion levels. This seems to run contrary to LaFortuna, et al. (reference 16) who stated that "A rectangular pattern for inspiratory airflow is never obtained in a healthy individual at rest," Yet use of a respirator even during rest perturbed natural breathing patterns so that "basal" conditions were never approached. This breathing perturbation, in combination with relatively high resting flow rates, suggests that "resting" values reported in the literature are probably inappropriate to apply during respirator use at any level of exertion.
Using an asymmetric double sigmoidal model rather than pure trapezoid better represents physiologic breathing because lung expansion during the initial moments of inhalation gradually accelerates inspired air; this momentary slow acceleration rapidly develops into a near step change to peak or near peak flow (de Koning). Likewise, the wave front decelerates as peak flow is achieved. A sustained flow rate is momentarily attained until continued deceleration gradually end inspiration.
One concern regarding sampling rates was the possibility of missing true PEFmax due to rapid changes in sinusoidal flow. This appears less likely given the general shape of inspiratory curves (trapezoid-like double sigmoid). The quasi-plateaus observed in this and other studies (references 14, 16, and 24) suggest that the great majority of peak flows were detected.
Overall, the correlation with other studies suggests that the present results reflect actual respiratory demands experienced during physically demanding operational tasks. These results indicate that high minute ventilation rates approximating those seen during maximum exertion are achievable in occupational settings. In addition, peak flow rates can greatly exceed these values by more than 150%, Failing to account for these high flow rates could also lead to unanticipated levels of filter loading, causing increases in filter resistance and possibly leading to mask seal leakage (reference 21), or higher air stream velocities within filter beds, raising the possibility of breakthrough due to insufficient residence time. Furthermore, increased flow rates may exacerbate problems with breathing resistance (reference 15) in a dose-response relationship. This poses a challenge to respirator filter designers to address these higher-thananticipated flow rates during both the design and testing phases of filter development and operational deployment. This study will hopefully prove valuable to the broad industrial and military community of respirator users. It represents a first attempt at measuring respiratory demand in military personnel performing operationally relevant tasks. While CP AT tasks are relevant to the CBIRF mission, examining different military and civilian tasks with greater physical demands or longer durations would greatly add to understanding occupational respiratory demand and how to model it in the laboratory.
CONCLUSIONS
Respiratory flow rates generated while completing physically demanding tasks are considerably higher than flow rates used to assess filter efficacy.
Results generally conform to existing literature regarding respiratory demand for individuals wearing an APR while performing high workloads near V02max.
The instrumentation used in this study was effective in acquiring continuous physiological field data under daunting conditions. Despite this, future studies need to account for significant data losses due to instrumentation failure.
This work explored breathing demand while performing short, high exertion tasks but how this compares to longer duration tasks remains unknown.
Marines (especially CBERF members), soldiers, and certain industrial workers are familiar with using respirators due to frequent training and use. Other military personnel and industrial workers, however, use respirators only intermittently. Consequently, their breathing demands may differ from these findings when required to use respirators in a field environment due to anxiety or inexperience. the hinged plate which the subject pulls downward.
